This paper considers a single-antenna wirelesspowered communication network (WPCN) over a flat-fading channel. We show that, by using our probabilistic harvestand-transmit (PHAT) strategy, which requires the knowledge of instantaneous full channel state information (CSI) and fading probability distribution, the ergodic throughput of this system may be greatly increased relative to that achieved by the harvestthen-transmit (HTT) protocol. To do so, instead of dividing every frame to the uplink (UL) and downlink (DL), the channel is allocated to the UL wireless information transmission (WIT) and DL wireless power transfer (WPT) based on the estimated channel power gain. In other words, based on the fading probability distribution, we will derive some thresholds that determine the association of a frame to the DL WPT or UL WIT. More specifically, if the channel gain falls below or goes over these thresholds, the channel will be allocated to WPT or WIT. Simulation results verify the performance of our proposed scheme.
I. INTRODUCTION
Recently wireless power transfer (WPT) has been widely investigated. Specifically, the use of WPT combined with wireless information transmission (WIT) has found many applications such as wireless sensor networks (WSN), radiofrequency identification (RFID) systems and internet of things (IOT) networks [1] . WPT transfers energy wirelessly to supply the energy of such devices and hence enables them to function without batteries and thus truly wirelessly. This area is called wireless powered communication (WPC) and is further divided into two categories. In the first category, the energy and information are transferred in the same direction and via the same RF signal. This scheme is named simultaneous wireless information and power transfer (SWIPT) [2] . The harvested energy is used to power up the device for wireless information reception. In the second category, termed wireless powered communication network (WPCN) [3] , the energy and information are transferred in different directions. Usually, the energy access point (AP) transmits wireless energy to the wireless device (WD). The WD, on the other hand, uses the harvested energy to send some information to a data AP. For instance, a medical sensor implanted in body may be powered wirelessly. Such a sensor uses the harvested power to transmit medical information to a receiver outside. In this case, the function of WPT is to cater to the sensor and its transmitter to operate. Moreover, there are a number of works that propose full-duplex communication between the energy harvester and the energy transmitter [4] .
There exist a variety of different topologies and assumptions in WCPN. In [2] , [4] - [6] , [8] , [9] the AP uses multipleantenna techniques to focus the electromagnetic (EM) wave into a narrow beam while in [3] , [7] single (double)-antenna WDs and APs are considered 1 . Multi-user design is considered in [5] , [6] while a single user case is studied in [4] , [7] - [9] . However, multiple WDs raise the fairness question which is considered in [5] . In [5] - [7] , [9] imperfect channel state information (CSI), and in [3] , [8] full channel CSI is assumed to be available. Moreover, [4] studies both conditions. Yet, to the authors' knowledge, the CSI probability distribution has never been exploited.
The objective parameter is also different in these works. In [8] , for example, the energy efficiency of the uplink (UL) throughput and in [3] - [7] , [9] the UL throughput itself has been maximized. Yet, the throughput in a wireless channel is subject to variations in the channel gain. The average, or the expected throughput is termed ergodic throughput [10] which has been considered in [4] , [7] . Yet, in [4] instantaneous full channel CSI is unavailable and in [7] the problem has been restricted to an OFDM-based system. In addition, in neither of these two works the fading distribution has been utilized. In [7] for example, the maximization has been done for a fixed set of given channel power gains and the assumed parameter is average transmit power. Both of these assumptions are different in this paper.
Nonetheless, for the most basic form of a WCPN, that is a single WD and a hybrid access point (HAP) 2 both with single antennas, there are a number of challenges to solve. The most important problem is how to divide the communication channel into downlink (DL) WPT and UL WIT. This is an important issue because as more resources are allocated to the DL, the WD receives more power and hence has enough energy to transmit back its information to the AP. However, as more and more resources are allocated to the DL, there may not be sufficient resources left at the UL and so the UL data rate may decrease. 1 Double-antenna WDs are only proposed to separate the energy harvesting hardware from that of information transmission and so the analysis of such a WD is essentially identical to that of single-antenna WDs. 2 In a WPCN, the data and energy access points may be collocated, in which case the AP is called a hybrid access point. So far, the best-known method to share the communication channel resources between DL and UL has been the harvestthen-transmit (HTT) protocol [3] , [6] , [9] . According this method, based on the estimated channel power gain, a ratio of every frame is allocated to the DL WPT and the rest to the UL WIT, hence, allowing the WD to first harvest energy and then transmit information using the harvested energy in the first phase. This method mandates that the WD both harvest as well as transmit during each frame. However, as mentioned, the channel power gain in a wireless channel varies probabilistically. If the channel power gain probability distribution is known, using our method, called the probabilistic harvestand-transmit (PHAT), this information may be exploited to yield a higher ergodic throughput in fading channels. The key factor to exploit here is to use the channel for DL WPT rather than UL WIT when the channel condition favors DL WPT and vice versa. The question of when the channel is more appropriate to WPT rather than WIT is answered by solving an optimization problem that we will subsequently derive.
In section two of the paper, the system model of the problem is described for both the HTT protocol as well as the PHAT scheme. In section three, the HTT protocol and the proposed scheme's optimization problems is presented. However, the proposed scheme's optimization problem is not a convex one. Therefore we also present a simple convex subclass of the problem. In the final section, it is shown through simulation that the proposed scheme can lead to a significant increase in the throughput of WPCN. The paper ends with a conclusion and discussion in section five.
II. SYSTEM MODEL
We consider a WD and a HAP both equipped with a single antenna. The HAP sends wireless power to the WD in the DL, and the WD harvests this power and use it to send back some information to the access point. The setup is shown in Fig 1. It is assumed that the HAP is connected to some constant power source with a maximum transmit power of p d but the WD has no power source other than the wireless power received from the HAP. The UL transmitter power of the WD for frame i is p u,i and can vary from frame to frame. We also assume that the WD has a lossless capacitor or battery with an infinite capacity to store the harvested energy and use it for UL transmission. We consider a block flat fading model for the UL and DL channels where the channel power gain remains constant during a single frame (block) but can vary from one frame to the other. We define the normalized channel power gain for frame i as
whereḡ = E |g i | 2 is the average (expected) channel power gain andg i is the channel gain for frame i. We assume g i is estimated perfectly and is known at both the HAP and the WD [11] .
Let f G (g) denote the probability distribution function of the normalized channel power gain. For simplicity of analysis, we assume the fading distribution of the channel is Rayleigh so that the normalized channel power gain distribution becomes exponential
We assume frame-based transmission with unity bandwidth and frame length. In the rest of this section, we explain the system model specific to the two transmission strategies HTT and PHAT.
A. Harvest-then-transmit protocol
Based on the HTT protocol, in the i-th frame, first DL WPT will occur for τ i T seconds, allowing the WD to store E h,i Joules of energy into the capacitor. The WD then uses E c,i Joules of energy to transmit information back to the HAP during the next phase of length (1 − τ i )T seconds. Here, τ i ∈ [0 1] is the optimization variable that, as we will later discover, depends on the value of the normalized channel power gain. The objective is to achieve the maximum UL data rate at each frame. In the rest of this paper, for the sake of brevity we will omit the frame subscript i when describing the HTT protocol.
B. Probabilistic-harvest-and-transmit method
In our proposed method, rather than dividing every frame to UL and DL, a single frame is either associated with DL WPT or UL WIT. The criterion based on which we make such a decision is the value of normalized channel power gain. More specifically, if normalized channel power gain g i belongs to a WPT normalized channel power gain set P ∈ R + , then WPT will occur in the i-th frame, whereas WIT will happen in this frame if the normalized channel power gain g i belongs to a WIT normalized channel power gain set I ∈ R + where R + is the set of non-negative real numbers. The idea is that such a partitioning can potentially allocate the channel to WPT when the channel is more suitable for power transfer rather than information transmission and vice versa and hence maximize the ergodic UL data rate.
III. SOLUTIONS
In this section, first the mathematical formulation of the HTT protocol along with a closed-form solution is presented. Then, a formal formulation of the PHAT method is given. It is shown that this general formulation is not convex. As a result, a simple sub-class of the problem is presented and shown to be quasi-convex.
A. Harvest-then-transmit protocol
As mentioned, in every frame, the WD both harvests energy and transmits information. We will study the DL and UL constraints as well as the solution here.
• Downlink: The harvested energy in each frame is
(1)
• Uplink: The consumed energy in frame i is
The UL data rate for frame i is
where σ 2 is the noise variance. In a flat fading channel, the ergodic throughput is given by
• Constraint: The amount of consumed power E c should be smaller or equal to the amount of harvested power E h in each frame. We assume the other circuitry in the WD receiver consume negligible power, and as a result we can presume they are equal. In other words E c = E h which gives
Here, the question is how we should divide the time between UL WIT and DL WPT to maximize the UL data rate? Therefore, the maximization problem for each frame is
where γ = p dḡ 2 g 2 /σ 2 is the instantaneous SNR at each frame. As can be seen in (5a) by increasing τ the harvested energy and hence the SNR increases. Doing so, however, decreases WIT time, the former effect increasing the data rate and the latter decreasing it. In summary, there is a trade-off in choosing τ and there exists an optimal τ maximizing the UL data rate. The convexity of this problem is shown in [3] .
B. Probabilistic-harvest-and-transmit method (general formulation)
In what follows, we first analyze the DL and UL channels and the constraints. After that we present the optimization problem.
• Downlink: The expected amount of harvested energy in the DL WPT is given by
• Uplink: The expected data rate (ergodic throughput) in the UL is given bȳ
The expected amount of consumed energy is given by
where p u can, in general, be a function of g. • Constraints: The WD cannot simultaneously harvest energy and transmit information. Hence, the WIT and WPT normalized channel power gain sets should not overlap. Specifically, I ∩ P = .
Nevertheless, to maximize the system throughput, these sets should comprise the whole normalized channel power gain set R + . In other words
Furthermore, similar to the assumptions made in the last subsection, the amount of expected consumed power E c should be smaller than or equal to the amount of expected harvested power E h . Making a similar assumption as that in the HTT method, we get E c = E h . Since we assume the channel power gain process is ergodic, this equation means that as time goes to infinity, the amount of harvested and consumed energies should be equal. Note that here we are essentially disregarding the causality constraint in a WPCN. In particular, once the system starts, the WD may have no initial energy. As time passes, however, the charge of the capacitor varies according to an unbiased onedimensional random walk with the addition of non-negativity constraint. Such a walk ensures that as time goes to infinity, the capacitor builds up enough energy that the probability of its depletion goes to zero. Therefore, what we calculate should be considered as an upper bound of the throughput of such a scheme. In a practical implementation, the decision for UL and DL should also be based on the amount of energy saved in the capacitor so as to avoid its depletion or overflow. For example, when the system starts up without any initial energy, the WD may only harvest energy.
The problem described so far may be formulized as follows maximize I, P,p u
subject to
Observe that the sets P and I can, in general, be of any form and therefore, this problem is not convex. Hence, we seek easier-to-analyze subsets of the permissible solutions by this formulation. Note also that the fundamental trade-off of the WPCN system can be seen here. Informally speaking, as set P includes more and more length of the whole R + set, the WD harvests more and more energy, hence being able to transmit with higher transmit power and therefore higher SNR and throughput. Yet, this makes set I smaller which means the 
IV. PROBABILISTIC HARVEST AND TRANSMIT
In this section, we seek solutions of optimization problem (6) in which WIT and WPT normalized channel power gain sets are intervals or unions of intervals. We will name these schemes based on the relative order of these intervals on the positive real axis. In addition, we assume the UL transmit power is constant. This condition simplifies (6b) to
As a side note, we know that the optimal UL power allocation scheme is given by water-filling [10] . Nevertheless, we do not use this scheme because our aim is primarily to show the superiority of our duplexing method. Obviously, using water-filling for UL information transmission leads to a definite increase in the data-rate.
A. Two-interval partitioning
Here we divide the normalized channel power gain set into two intervals: the lower interval [0 g) and the higher interval [g ∞). Naturally there are two ways to assign these sets to WIT and WPT normalized channel power gain sets I and P. In Fig. 2 , the two-interval partitioning PHAT channel allocation scheme for a Rayleigh fading distribution has been illustrated.
First, we choose the higher interval to WPT normalized channel power gain set P, while we allocate the lower interval to WIT normalized channel power gain set I. Specifically, I = [0 g u ) and P = [g u ∞) where g u is the normalized channel power gain. Because of the relative order of the sets I and P on the positive real axis, we call this scheme PHAT-IP. The optimization problem (6) then becomes maximize g u
We can now directly substitute I, P, and f G (g) into eq. (7) and find out the UL transmit power function
In the following lemma, the ergodic throughput is calculated in closed form. Theorem 1: The ergodic throughput for PHAT-IP scheme is given by
where E 1 (z) is the exponential integral function defined as
Proof : Substituting for f G (g) in (8a) and using integration by parts yields
Substitution gives (10) . Proving convexity of this problem is difficult. In the following lemma, we prove the convexity of a special case of this problem. Lemma 1: When the HAP DL transmit power goes to infinity, optimization problem (8) is convex.
Proof : Using the asymptotic approximations
We can find the asymptotic data rate function asγ tends to infinityr
Substituting forγ using (9) gives
Taking the derivative twice yields
Note that the minimum of e −2g u − e −g u is −1/4 which is achieved at ln 2. Therefore the second derivative is negative and so the function is concave. Similarly, we can allocate the higher interval to the WIT normalized channel power gain set I and the lower interval to the WPT normalized channel power gain set P. Specifically, P = [0 g l ) and I = [g l ∞). Because of the relative order of the sets P and I on the positive real axis, we call this scheme PHAT-PI. Optimization problem (6) then transforms to
Substituting I, P, and f G (g) into (7), gives the UL power p u,PHAT−PI = p dḡ (e g l − g l − 1) .
In the following theorem, the ergodic throughput is calculated in closed form. The proof is similar to that of theorem 1 and is omitted here for the sake of brevity. Theorem 2: The ergodic throughput for the PHAT-PI scheme is given by
Proving convexity of optimization problem (12) is difficult. In the following lemma, however, we prove that a special case of this problem is quasi-convex.
Lemma 2: When the HAP DL transmit power goes to infinity, the optimization problem (12) is quasi-convex.
Proof : Using the asymptotic approximation (11), we can find the asymptotic data rate function asγ tends to infinitȳ r PHAT−PI = log 2 (γ) e −g l .
Substituting forγ using (13) gives
designating the first factor as f (g l ) = log 2 p dḡ σ 2 (e g l − g l − 1) we can find its second derivative
It is not difficult to show that this function is always negative and therefore, f (g l ) is concave and as a result, log-concave. Consequently, the ergodic throughput function is a product of log-concave and log-linear functions and is hence log-concave. Fig. 3 . Three-interval partitioning channel allocation scheme for a Rayleigh fading channel
As we will see in the simulation results, the PHAT-PI scheme results in better performance in the low-SNR regime while the PHAT-IP scheme performs best in the high-SNR regime. Consequently, in the next section we will combine these two schemes to arrive at a new scheme that has good performance in both regimes.
B. Three-interval partitioning
Here we divide the normalized channel power gain set into three interval: the lower interval [0 g l ), the middle interval [g l g u ), and the higher interval [g u ∞) where g l and g u are lower and upper normalized channel power gain thresholds respectively. We let P = P 1 ∪ P 2 , where P 1 = [0 g l ), and P 2 = [g u ∞); and I = [g l g u ). Because of the relative order of the sets P 1 , I, and P 2 on the positive real axis, we call this scheme PHAT-PIP. In Fig. 3 , the three-interval partitioning PHAT channel allocation scheme for a Rayleigh fading distribution has been illustrated.
There is, obviously, another possible three-interval partitioning normalized channel power gain set allocation; that is I = I 1 ∪ I 2 , where I 1 = [0 g l ), and I 2 = [g u ∞); and P = [g l g u ). We will not derive this scheme due to space limitation and because we found that its throughput is less than or equal to that of PHAT-PIP.
Substituting I, P, and f G (g) in (7) and calculating the integral yields
In the following theorem, the ergodic throughput of the PHAT-PIP scheme is calculated in closed form. The proof is similar to that of theorem 1 and is omitted here.
Theorem 3: The ergodic throughput for PHAT-PIP scheme is given bȳ
Note that neither this function, nor its infinite-SNR asymptotic approximation are (log)-concave. As a result we can only use exhaustive search to find the optimal value of this problem. Fig. 4 , the three channel allocation schemes have been illustrated and compared with the HTT protocol. As can be seen, by setting g l = 0 this scheme reduces to PHAT-IP and by letting g u → ∞ it reduces to PHAT-PI.
V. SIMULATOIN RESULTS
In this section, the performances of the PHAT schemes are evaluated and compared against the HTT scheme. We set the noise covariance and the expected channel power gain as σ 2 = −130dBm andḡ = 10 −8 . For the HTT scheme, 100000 channel realizations are used to numerically evaluate integral (4) . In order to search the space in the PHAT schemes, a somewhat arbitrary value of 10 was assumed for the maximum achievable channel power gain. Thanks to their (quasi) convexity, the optimization problem of HTT, PHAT-PI and PHAT-IP schemes were solved using the bisection method. On the other hand, the PHAT-PIP method was solved using 2-D exhaustive search.
As can be seen in Fig. 5 , at high enough HAP power, the throughput of the PHAT-IP scheme has exceeded that of the HTT scheme. Nevertheless, at low HAP power levels, the HTT scheme can outperform the PHAT-IP method. Conversely, at low power values, the throughput of the PHAT-PI scheme is higher than that of the HTT scheme. Yet, three-interval partitioning of the normalized channel power gain distribution has resulted in an increase in the throughput both in the lowpower as well as in the high-power regimes.
VI. CONCLUSION
In this paper, we showed that rather than dividing every frame to WIT and WPT phases, careful allocation of the whole frames to WIT and WPT results in a definite increase in the throughput of a WPCN. Such an allocation is based on the value of the estimated normalized channel power gain. The implementation of such a scheme, however, involves an infinite capacitor, and the throughput is reached at time infinity. A practical design taking account of the causality constraint and using a capacitor of finite capacity can be envisioned. We conceive that in such a scheme the thresholds, in addition to the estimate of the current channel power gain, will be dependent on the current charge of the capacitor. Such a design can be the topic of a future work.
